Background: The regulatory roles of long intergenic noncoding RNAs (lincRNAs) in 2 0 4
Lastly, the number of non-coding orthologs here was much less than the others. One 2 3 0 explanation is, as mentioned previously, the incomplete and biased annotation of non-coding 2 3 1
RNAs on other species. Another reason is the relative small number of non-coding genes in 2 3 2 the reference genome and the poor conservation of lincRNAs. The number of non-coding 2 3 3 genes in each reference species is around 10%-30% of protein-coding genes. Because 2 3 4
protein-coding orthologs only account for 30% of putative orthologs or less, the numbers of 2 3 5 non-coding orthologs are less than 3%. In addition, we could not identify any non-coding 2 3 6 orthologs of lincRNA in mouse or zebrafish genome. The result agreed with recent study in 2 3 7
zebrafish that reported merely a minority of lincRNAs showed significant sequence similarity 2 3 8 to other lncRNAs [18] . 2 3 9
TEs have only minor contribution in the sequence similarity between a lincRNA and its 2 4 0 protein-coding ortholog 2 4 1
Since the conserved introns have been proposed to be a potential source of lncRNA [31] , the 2 4 2 corresponding orthologs of the lncRNAs locating within an open reading frame (ORF) may 2 4 3 not be originated from protein pseudogenization. The investigation in the gene structure (i.e. 2 4 4 the coverages and distributions of exons and introns) of protein-coding orthologs is needed to 2 4 5 distinguish if protein pseudogenization was involved in lincRNA evolution. To evaluate how 2 4 6 many protein-coding orthologs could be considered as evidences of protein pseudogenization, 2 4 7 exon coverage, intron coverage, and intergenic coverage were examined for each 2 4 8
protein-coding ortholog (see Methods). 2 4 9
The distributions of exon coverage, intron coverage, and intergenic coverage for each 2 5 0 protein-coding ortholog are shown in Fig. 3 . Considering all of the putative orthologs from 2 5 1 the nine vertebrates, the results showed 692 putative protein-coding orthologs (32%) in which 2 5 2 exon coverage was greater than both intron coverage and intergenic coverage. Moreover, 263 2 5 3 (12%) fully located within exonic regions (i.e. exon coverage = 100%), which were defined 2 5 4
as exonic orthologs in this study. On the contrary, 1124 (52%) putative protein-coding 2 5 5 orthologs were intronic orthologs, which completely located within intronic regions (i.e. 2 5 6
intron coverage = 100%). Studies have suggested that some lncRNAs could be 2 5 7
post-processed into small nucleolar RNAs (snoRNAs) [32] , which are involved in ribosome 2 5 8 synthesis or translation, and are usually intronic sequences [33] . The hypothesis is that 2 5 9 lncRNAs could be post-processed into snoRNAs and involved in ribosome synthesis and 2 6 0 translation mechanism. Therefore, one of the possible explanations is that these conserved 2 6 1 intronic orthologs might be unannotated lncRNAs.
6 2
Besides, TEs could be an alternative explanation for the high intronic coverage 2 6 3
because TEs are known to locate in introns more than in exons [8, 34] , and a high TE 2 6 4 composition are reported in lincRNAs [8, 27, 28] . Thus, we identified TE for each putative 2 6 5 protein-coding ortholog using RepeatMasker and calculated TE coverage for each putative 2 6 6
protein-coding ortholog (see Methods). The results showed that TEs covered 47% region 2 6 7 when considering all introns of protein-coding orthologs jointly. Unexpectedly, low TE 2 6 8 coverages ( Fig. 4(a) , average = 0.32) were observed even the intronic orthologs. Similarly, 2 6 9 TE coverages of exonic orthologs and intergenic orthologs were also low ( Fig. 4 (b) and 4(c), 2 7 0 average = 0.07 and 0, respectively). Taking together, insertion of TEs may only contribute to 2 7 1 a minor part of the sequence similarity between lincRNA and protein-coding orthologs. Exonic orthologs of lincRNAs identified in our study showed that a certain portion of human 2 7 6 lincRNAs could be derived from protein pseudogenization ( Fig. 3 ). According to extremely 2 7 7
low TE coverages in the protein-coding orthologs ( Fig. 4) , the results implied the minor 2 7 8 contribution of TEs in origination of lincRNA. In particular, the TE coverages were zero in 2 7 9
the exonic orthologs of 108 lincRNAs (i.e. without TE insertion). Consequently, we ask what 2 8 0 mechanism causes such protein pseudogenization that involved in lincRNA origination. and eight (12.1%) of them are just next to pseudogene, suggesting the potential origination 2 9 5 from unitary pseudogene. One example is lincRNA CTD-2555O16.1 which overlapped with 2 9 6 pseudogene TEX21P, as shown in Fig. 5 . On the other hand, 42 lincRNAs have putative 2 9 7 paralogs, that is, their aligned proteins possess at least one human ortholog (e-value less than 2 9 8 10 -10 ). In addition, among these 42 lincRNAs, 13 (31%) overlapped with known pseudogene. 2 9 9
Take lincRNA RP5-998N21.4 for example ( Fig. 6) , its transcript overlapped with the 3 0 0 transcript of pseudogene FCGR1C. Moreover, four lincRNAs such as CROCCP2 and 3 0 1 ADAM20P1 are annotated as pseudogenes of human orthologs of their aligned proteins from 3 0 2
the Ensembl records. 3 0 3
A hypothesized explanation of such relationships is that lincRNAs regulate their putative 3 0 4
paralog by functioning as a competing endogenous RNA (ceRNA). Based on the high 3 0 5 sequence identity and close genomic positions between lincRNA and its putative paralog, it is 3 0 6 possible that lincRNA regulates its putative paralog as a ceRNA. According to the annotation 3 0 7
in the lnCeDB database [23], 28 lincRNA-putative paralog pairs were annotated as 3 0 8
ceRNA-mRNA pairs. We further performed a bootstrapping analysis (see Methods) to test 3 0 9
whether ceRNA-mRNA pairs annotated in lnCeDB database were enriches in these 3 1 0
lincRNA-putative paralog pairs identified in the present study. The significant enrichment 3 1 1 (bootstrap p < 6.8 × 10 -3 ) supports the proposed hypothesis that lincRNA could possibly 3 1 2 regulate its putative paralog. 3 1 3
Through Gene Ontology enrichment analysis, most of these putative paralogs were found 3 1 4
to have binding functions (metal ion binding, p = 5.05 × 10 -9 ; cation binding, p = 9.64 × 10 -9 ; 3 1 5
DNA binding, p = 1.12 × 10 -8 ; nucleic acid binding, p = 1.88 × 10 -7 ; heterocyclic compound 3 1 6 binding, p = 1.80 × 10 -4 ; organic cyclic compound binding, p = 2.65 × 10 -4 ; ion binding, p = 3 1 7 6.31 × 10 -4 ). In addition, these proteins significantly associate with neuron development and 3 1 8 eye disorder [35] [36] [37] according to the Online Mendelian Inheritance in Man (OMIM) database 3 1 9
[38]. With conserved sequences, lincRNA could influence expression of putative paralogs by 3 2 0 post-transcriptional regulation as endogenous siRNA or buffering effect as their decoys. 3 2 1
Moreover, we cannot rule out the possibility that some genes are functional as well in RNA 3 2 2 level thus their paralogous lincRNA could also contribute to these particular functions. Protein pseudogenization is one of the scenarios of human lincRNA originations. According 3 2 6
to the comparative genomics analyses among human and nine vertebrate species in this study, 3 2 7
193 of the 6,614 human lincRNAs have protein-coding orthologs, which are conserved 3 2 8 sequences in protein-coding genes of other species. Our study reveals the role of protein 3 2 9
pseudogenization in human lincRNA origination. We anticipate that these results will bring 3 3 0
insights to the evolutionary originations and genetic functionalities of human lincRNAs. l  i  c  e  k  P  ,  A  h  m  e  d  I  ,  A  m  o  d  e  M  R  ,  B  a  r  r  e  l  l  D  ,  B  e  a  l  K  ,  B  r  e  n  t  S  ,  C  a  r  v  a  l  h  o  -S  i  l  v  a  D  ,  C  l  a  p  h  a  m  P  ,  4  1  2  C  o  a  t  e  s  G  ,  F  a  i  r  l  e  y  S  e  t  a  l  :   E  n  s  e  m  b  l  2  0  1  3   .  N  u  c  l  e  i  c  a  c  i  d  s  r  e  s  e  a  r  c  h  2  0  1  3  ,   4  1   (  D  a  t  a  b  a  s  e  4  1  3  i  s  s  u  e  )  :  D  4  8  -5  5  .  4  1  4  1  8  .  U  l  i  t  s  k  y  I  ,  S  h  k  u  m  a  t  a  v  a  A  ,  J  a  n  C  H  ,  S  i  v  e  H  ,  B  a  r  t  e  l  D  P  :   C  o  n  s  e  r  v  e  d  f  u  n  c  t  i  o  n  o  f  l  i  n  c  R  N  A  s  i  n   4  1  5   v  e  r  t  e  b  r  a  t  e  e  m  b  r  y  o  n  i  c  d  e  v  e  l  o  p  m  e  n  t  d  e  s  p  i  t  e  r  a  p  i  d  s  eu  e  n  c  e  e  v  o  l  u  t  i  o 
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